Abstract Convection that penetrates the tropopause (overshooting convection) rapidly transports air from the lower troposphere to the lower stratosphere, potentially mixing air between the two layers.
Introduction and Background
Deep convective storms contain thermally driven updrafts that rapidly lift boundary layer and lower tropospheric air into the upper troposphere and lower stratosphere (UTLS). Deep convection occurs around the globe, but its juxtaposition with lower tropopause altitudes in the extratropics enables deep penetration into the lower stratosphere (Liu & Liu, 2016; Solomon et al., 2016; Wang, 2003) , where mass exchange of trace constituents can have a significant impact on UTLS composition (Dessler & Sherwood, 2004) . In the UTLS, trace gases have a major impact, both directly and indirectly, on chemistry, dynamics, and radiation (Gettelman et al., 2011; Holton et al., 1995; Stohl et al., 2003) . Many radiatively and chemically important species have long lifetimes in the UTLS, so their distribution is predominantly determined by transport processes. Because the transport by the Brewer-Dobson circulation is downward in the extratropics, air injected a short distance into the stratosphere (below the 380 K potential temperature level and 1 to 2 km above the tropopause) will have a short residence time in the stratosphere. Air injected to higher altitudes, however, particularly into the stratospheric overworld (above the ∼380 K level), will have a longer stratospheric residence time, can be transported long distances, and can have a larger impact on stratospheric processes (Stohl et al., 2003) . Over North America, in particular, the quasi-stationary anticyclone that dominates the summer circulation may confine water vapor and other tropospheric constituents for extended periods. Determining how small-scale processes, including convection, contribute to transporting air across the tropopause is vital for understanding future changes in the composition and structure of the UTLS as well as how these changes will affect the stratosphere and Earth's climate (Anderson et al., 2012 (Anderson et al., , 2017 .
Model simulations have demonstrated that mass exchange across the tropopause by deep convection plays a significant role in the composition and chemistry of the UTLS (Chagnon & Gray, 2010; Gray, 2003; Wang, 2007) . These studies typically focus on a single convective event or a small number of events that occur during a field campaign. Case studies can provide insight into the mechanisms of transport by deep
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Key Points:
• A new analysis of NEXRAD radar data shows the spatial and temporal occurrence of tropopause-overshooting convection over the United States • Ten years of high-resolution gridded NEXRAD data (GridRad) are now available through the NCAR Research Data Archive • Overshooting convection is most common over the central United States; almost half of observed overshooting events reach 380 K or higher 10.1002 convection, but they yield little information about the frequency and distribution of tropopause-penetrating convection, which is necessary for a full quantitative picture of stratosphere-troposphere exchange (STE).
Satellite data have also been used to assess the role deep convection plays in STE. For example, Berendes et al. (2008) , Lindsey and Grasso (2008) , and Rosenfeld et al. (2008) detect tropopause-penetrating convection through different techniques using visible or near-infrared texture and reflectance. These techniques perform well at certain times but suffer from enhanced texture at large solar zenith angles, limiting their coverage of the diurnal cycle. For instance, over the Great Plains and western Great Lakes region, Bedka et al. (2010) find that approximately 60%-75% of overshooting events occur at night and would therefore be missed by daytime-only algorithms. Bedka et al. (2010) attempt to overcome these limitations by combining conventional meteorological analyses and satellite infrared (IR) brightness temperature spatial gradients in a 5 year climatology of overshooting convection in the United States. In that analysis, tropopause-overshooting convection is identified by comparing the analyzed tropopause temperature and the observed brightness temperature at each grid point in their domain. The algorithm requires overshooting features to be at least 6.5 K colder than the surrounding anvil temperatures. This technique is able to identify storms missed by daytime-only algorithms and works well in most cases, but has some limitations of its own. Depending on the magnitude of overshooting and the quality control settings implemented, the infrared window texture method has a false-alarm rate that ranges from 4.2% to 38.8% (Bedka et al., 2010) , primarily because IR signatures are not necessarily unique. For example, the large-scale algorithms do not account for cooling of surrounding air by sublimation of ice particles within an updraft. This causes updrafts at levels near the tropopause to appear in the IR retrieval as cooler than the tropopause and incorrectly flags the event as an overshoot.
An alternative observational approach is to use ground-based meteorological radars to identify echoes above the tropopause. Multiple radars in the U.S. NEXRAD network can be merged into three-dimensional grids (typically longitude, latitude, and altitude) by using a variety of selection and averaging algorithms. This reduces storage requirements and makes the data easier to use (e.g., Zhang et al., 2005 Zhang et al., , 2011 Lakshmanan et al., 2006; Langston et al., 2007; Ruzanski & Chandrasekar, 2012) . Homeyer (2014) and Homeyer and Kumjian (2015) show that information about the vertical extent of deep convection is preserved in gridded WSR-88D observations when there are overlapping observations from multiple radars. Gridded values that include data from three or more radars yield a threefold increase in the vertical resolution when compared to an individual radar (i.e., the usable Δz is reduced from ∼3 km on average to <1 km).
Following the approach of Homeyer (2014) and Homeyer and Kumjian (2015) , Solomon et al. (2016) combined multiple radars in the NEXRAD network to study the occurrence of tropopause-penetrating convection at 3 h intervals for a single year (2004) over the eastern United States. Solomon et al. (2016) defines tropopause-overshooting convection as any event in which a radar measures at least a 10 dBZ echo above the altitude of the tropopause. That study found a distinct geographic pattern in the frequency of overshooting convective events as well as clear diurnal and annual cycles. A majority of the observed overshooting events occur over the high plains around 0000 UTC (∼1800 LT). Events occur most frequently during the warm season, with May having the highest number of individual overshooting storms. Solomon et al. (2016) show that overshooting events are infrequent east of the Mississippi River, which differs from the results of Bedka et al. (2010) , who find overshooting to be common across the southeastern United States. The analysis in Solomon et al. (2016) covers a single calendar year with 3 h temporal resolution, so it is not clear whether the differences between their analysis and the 5 year analysis in Bedka et al. (2010) are due to differences in the observing systems, analysis methods, and overshoot definitions or to differences in the analysis periods.
To improve our understanding of overshooting convection, this study expands upon the approach in Solomon et al. (2016) by analyzing 10 years of NEXRAD data at hourly intervals across the eastern two thirds of the continental United States. Because a large fraction of the deep convection occurs during the warm season, we restrict the analysis to March, April, May, June, July, and August (MAMJJA). Increasing the sampling frequency and the length of the analysis period allows this study to address many of the limitations of the Solomon et al. (2016) analysis using a much larger data set. We also use updated methods to process the NEXRAD radar data into a new data set referred to as GridRad. GridRad, described in section 3.1, implements new techniques that are less restrictive than those used in Solomon et al. (2016) , yielding a higher number of overshooting COONEY ET AL.
OVERSHOOTING CONVECTION FROM GRIDRADevents and an improved understanding of their characteristics. The goals of this work are to introduce the GridRad data set and provide a climatology of the characteristics of overshooting convection over most of the contiguous United States.
Data
NEXRAD Data
Radar data were obtained from the National Oceanic and Atmospheric Administration (NOAA) National Centers for Environmental Information (NCEI, formerly known as the National Climate Data Center) NEXRAD web service (http://www.ncdc.noaa.gov). For all years available, NEXRAD Doppler S-band (10 cm wavelength) radars measure the radar reflectivity factor at horizontal polarization Z H , radial velocity V R , and velocity spectrum width V in a volume around the radar by azimuthally scanning a conical beam with an angular width of 0.95 ∘ at multiple elevation angles (Crum & Alberty, 1993) . When convection is occurring in the vicinity of a NEXRAD radar, the radar completes a total volume scan in approximately 4.5 to 5 min (Crum & Alberty, 1993 (Crum & Alberty, 1993) . At 300 km, which is the maximum range used in this study for the merging of multiple radars, the minimum detectable signal is ∼7.5 dBZ (Homeyer, 2014) .
To maximize the overlap between nearby radars and produce the highest-quality gridded product, the domain is restricted in this study to the eastern two thirds of the continental United States, where radar coverage is most dense. The analysis domain is a rectangular region bounded on the west and east by 115 ∘ W and 69 ∘ W longitude, and on the south and north by 25 ∘ N and 49 ∘ N latitude ( Figure 1 ). The total area of the study domain is ∼10.8 × 10 6 km 2 .
ERA-Interim Reanalysis
To identify tropopause-penetrating convection, tropopause altitudes are calculated using the ERA-Interim (ERA-I) reanalysis, which is produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011) . ERA-I data are also used in this study to calculate the potential temperature at the echo tops. ERA-I output is available from 1979 to the present and was obtained from the National Center for Atmospheric Research (NCAR) Research Data Archive (RDA; http://rda.ucar.edu/datasets/ds627.0/). Analyses are available at 6-hourly synoptic times (00, 06, 12, and 18 UTC) on a global grid with a longitude-latitude resolution of ∼0.7 ∘ × ∼ 0.7 ∘ and 37 irregularly spaced pressure levels extending from 1,000 to 1 hPa. Because the ERA-I data are on a coarser grid than the NEXRAD data (see section 3.1), temperature (T) and geopotential height (Z) are linearly interpolated in space and time to the NEXRAD grid for analysis. The tropopause height, z T , is then calculated for each ERA-I column by applying the World Meteorological Organization (WMO) lapse rate tropopause definition (World Meteorological Organization, 1957) . This approach is equivalent to that used in Homeyer (2014) and Solomon et al. (2016) , where ERA-I tropopause altitudes were shown to agree with high-resolution radiosonde observations within ∼500 m. We conducted a similar comparison of the ERA-I and radiosonde-calculated tropopauses and found consistent results (not shown). Because the tropopause heights come from a global model, they do not account for perturbations in the tropopause due to the convection itself, and thus the uncertainty in the heights is not fully known. Aircraft observations and convection-allowing model simulations have shown that tropopause altitudes can be increased up to 1.5 km within air masses impacted by convection ( 
Methods
NEXRAD Compositing
Data from individual NEXRAD radars are merged into hourly, high-resolution, three-dimensional, gridded, synoptic analyses using weighting in space and time. A summary of the gridding algorithm is provided here. Additional details can be found in the algorithm description document . The current version of the gridding algorithm improves on the methods used in Solomon et al. (2016) . The gridded NEXRAD WSR-88D radar data (Version 3.1), which are referred to as GridRad, are available for download from the RDA at NCAR .
The analysis grid has a longitude-latitude resolution of 0.02 ∘ (∼2 km) and a vertical resolution of 1 km from 1 to 24 km above sea level. The value of a radar variable V on the GridRad grid is equal to the weighted average of all Level 2 observations in which echo is detected
where N echo is the number of Level 2 radar observations with echoes that contribute to the grid volume at location (x i , y j , z k ), and v n and w n are, respectively, the values of the observed radar variable and its weight for the nth Level 2 radar observation. The weights are given by
where r is the radial distance of the radar observation from the radar location in km, Δt is the time difference between the observation and GridRad analysis time in seconds, L = 150 km is the spatial scale, and = 150 s is the time scale. In the vertical, an individual radar beam is restricted to contribute only within a 1.5 km deep layer centered on the beam (up to three vertical grid boxes), which improves the representation of the internal structure and depth of storms in the merged data set compared to alternative approaches that allow deeper averaging depths. Hourly analyses (00, 01, … , 23 UTC) are created using all available NEXRAD volume scans within a ±3.8 min window centered on the analysis time. Echoes that have limited Level 2 observations and low weights are filtered from the gridded data prior to application of the echo top identification algorithm. The ability to detect overshooting convection in the GridRad data is constrained by the radar coverage. Figure 1 shows the average number of individual NEXRAD radar observations per analysis that contribute to each GridRad column during the 2004-2013 analysis period of this study. Blue colors indicate locations where the radar coverage is below that necessary for reliable convective overshooting identification. Most of these locations have poor sampling at altitudes greater than 12 km. Gaps occur in the mountain west, where radar coverage is limited by terrain and radar spacing, and around the edges of the network. Gaps are uncommon in the interior of the domain east of 100 ∘ W.
Echo Top Height Identification
The primary radar variable of interest in this study is the instantaneous, two-dimensional, gridded, echo top height, which is computed from each hourly, three-dimensional Z H field. Before computing the echo top heights, however, the Z H fields are subjected to three quality control processes. First, "echo holes" in the NEXRAD composites are found and filled. An echo hole is a gap in a vertical reflectivity profile that is no more than a singlelevel deep with valid measurements in the altitude bins immediately above and below that level. Echo holes are filled by averaging the Z H values (in dBZ) for the two surrounding altitude bins (Homeyer & Kumjian, 2015) . Second, the NEXRAD data are decluttered following an approach similar to that outlined in Zhang et al. (2004) . This is done in order to remove the various types of nonmeteorological echoes that can arise in the 3-D regional NEXRAD composites. The decluttering algorithm assumes that precipitation and nonprecipitation echoes have different horizontal and vertical reflectivity structures when computed with respect to height (Zhang et al., 2004) . The types of echoes are then identified from the features in the variations. Following decluttering, Z H in grid boxes with low echo frequencies (the ratio of the number of contributing radar observations with echo to the total number of radar observations) is removed. The resulting quality-controlled Z H fields are used for the echo top height analysis.
The echo top height, z e , is defined in this study as the highest altitude in each column with a Z H value that exceeds a specified threshold, with additional conditions aimed at isolating deep convection discussed below. Echo top heights are discretized into 1 km levels as a result of the GridRad vertical resolution. Due to the limited sensitivity of NEXRAD radars to small particles, the identified z e is not, in general, the cloud top height. The nominal reflectivity threshold for the existence of a valid echo is ∼5 dBZ. Lower-reflectivity thresholds might provide a better estimate of the cloud top height, but would also result in a higher incidence of errors and artifacts due to clutter and side lobe contamination. After extensive testing with different thresholds, we conclude that a Z H threshold of 10 dBZ provides the best balance between sensitivity and noise.
The z e for each column is nominally the highest level with a reflectivity greater than or equal to 10 dBZ. In order to ensure that individual echo top altitudes are associated with deep convection, we require the GridRad altitude bin closest to the ERA-I tropopause in each column to contain Z H ≥20 dBZ. This eliminates many scans in which the vertical profile of Z H is discontinuous or the convective anvil echo top altitude lies above the tropopause over broad regions. One thing to note is that it is possible, by implementing this criteria, that we are not capturing every tropopause-overshooting event. To further reduce the number of false echo top identifications in situations with unrealistic reflectivity profiles, we also require that the two altitude levels immediately below a potential echo top also contain valid Z H measurements. If this condition is not met, the column is searched for the next highest Z H value exceeding 10 dBZ and the process is repeated until a measurement satisfying the criteria is found or the bottom of the column is reached.
To evaluate the accuracy of echo top altitudes derived from the GridRad data, we compare Z H = 10 dBZ echo top altitudes detected from GridRad with high-resolution, spaceborne 10 dBZ echo top altitudes detected by the CloudSat Cloud Profiling Radar (CPR) in Figure 2 . CloudSat is a Sun-synchronous low Earth-orbiting satellite that is part of the National Aeronautics and Space Administration (NASA) "Afternoon" constellation of satellites (the A-Train). CloudSat has nominal equator-crossing times of 0130 and 1330 local time. The CloudSat CPR is a nadir-pointing, 94 GHz (3 mm wavelength) cloud radar that observes Z H from −28 to ∼20 dBZ (Stephens et al., 2002) . The along-track resolution of the CPR is 1.7 km and the vertical resolution is 480 m, with Z H profiles oversampled at 1.1 km along track and 240 m in the vertical. CloudSat was placed into orbit in April 2006 and has been transmitting data since. Prior to 17 April 2011, observations were made continuously both day and night, but a battery failure on that date reduced operating capabilities to daytime-only observations and caused CloudSat to lose formation with the A-Train. CloudSat reentered the A-Train formation on 15 May 2012. In order to enable comparisons with the CloudSat CPR, a special set of GridRad analyses were created along CloudSat orbits over the contiguous United States for the years 2006 to 2016. Figure 2 shows a frequency distribution of the resulting differences in the 10 dBZ echo top altitudes for more than 200,000 coincident profiles. This comparison demonstrates that GridRad echo top altitudes are consistent with those observed from higher-resolution platforms, with nearly unbiased mean differences between GridRad and the CloudSat CPR and an uncertainty (standard deviation) of approximately ±1 km. Additional evaluation of this comparison demonstrates that mean absolute differences range from 0.5 to 1 km across the GridRad domain, with larger differences more common in locations with sparser radar coverage (not shown).
Overshooting convection is defined as echoes located above the tropopause. The echo top height relative to the tropopause, z r = z e − z trop , is computed from the NEXRAD echo top altitudes and the simultaneous ERA-I tropopause altitudes. To provide a more convenient framework for the following analysis, contiguous regions of overshooting columns (grid boxes) are grouped into what we refer to as overshooting events or "overshoots." Grid boxes are considered to be contiguous if they touch either along their edges or at a corner. There are uncertainties in both the altitudes of the echo tops and the height of the tropopause. In order to analyze overshooting events that we are confident actually penetrate into the stratosphere, in the remainder of the paper we restrict our analysis to overshoots that have z r ≥ 1 km. These are referred to as +1 km overshoots. During the study period we identify 449,745 such overshoots.
Quality Control
A sample of the +1 km overshoots is subjectively evaluated to validate the echo top identification scheme. Overshoots are evaluated by visually inspecting composite reflectivity maps, tropopause-relative altitude maps, and vertical reflectivity cross sections through the highest echo top of each sampled overshoot event. Each inspected overshoot is subjectively assigned to one of three categories: valid, invalid, or uncertain. Figure 3 provides an example of one of the larger valid overshooting events. This classification is based on the strong and continuous vertical reflectivity structure and the realistic reflectivity map. We reviewed radiosonde vertical temperature profile plots from nearby sites at 1200 UTC and found the estimate of the tropopause to be very accurate. Overshooting events that are obviously unphysical in appearance are deemed invalid. Examples of unphysical echoes include the following: narrow rays of echoes extending from the radar to the stratosphere surrounded by clear air; rings of uniform reflectivity surrounding the radar site; echoes in the stratosphere but none in the troposphere below to indicate the presence of deep convection. Overshoots classified as uncertain cannot be definitively identified as either valid or invalid based on their appearance. They typically have narrow vertical columns of reflectivity and are often associated with very weak echoes in the troposphere. As will be seen below, the number of these overshoots is small. Overshoots deemed invalid or uncertain are removed from further analysis.
To create a targeted sampling scheme for the +1 km overshoots, the sample population is partitioned into seven groups based on the maximum echo top altitude (either z e or z r ) and the maximum Z H observed in the overshoot, which is typically in the troposphere. The goal is to subjectively evaluate all of the very deep (extreme) overshoots, a large fraction of the events with high echo tops and low tropospheric Z H (which may be questionable), and a representative sample of the overshoots with high tropospheric Z H (which we believe a priori to be realistic). The partitioning is illustrated in Figure 4 . The seven groups are as follows: 1a: Deep overshoots with z e ≥ 20 km (light gray region in Figure 4a ) 1b: Deep overshoots with z r ≥ 5 km (light gray region in Figure 4b ) 2a: Overshoots with relatively high z e , z e < 20 km, and low maximum Z H (medium gray region in Figure 4a ) 2b: Overshoots with relatively high z r , z r < 5 km, and low maximum Z H (medium gray region in Figure 4b ) 3a: Overshoots with z e < 20 km and Z H ≥ 70 dBZ (dark gray region in Figure 4a ) 3b: Overshoots with z r < 5 km and Z H ≥ 70 dBZ (dark gray region in Figure 4b ) 4: Overshoots that are not in groups 1a, 1b, 2a, 2b, 3a, or 3b
The number of overshoots evaluated in each group is provided in Table 1 , which summarizes the results of the subjective quality control process. Every overshoot in groups 1a, 2a, 3a, 1b, 2b, and 3b is inspected. A random sample of 1,000 overshoots from group 4 is analyzed. In all, a total of 12,848 overshoots are reviewed for quality control. Because some overshoots fall into more than one category (groups in Figure 4a can overlap with groups in Figure 4b ), this number is less than the total of the overshoots in each group shown in Table 1 . The overshoots in group 4, however, do not overlap with any of the other groups and are used to estimate the number of invalid/uncertain overshoots remaining in the analysis.
Note that the order in which the symbols are plotted in Figure 4 (symbols for invalid overshoots plotted on top of symbols for valid overshoots) gives the impression that there are more invalid than valid overshoots. This is not the case, however, as can be seen in Table 1 . Note that the majority of the overshoots, even in groups 1a and 1b (∼60% and ∼68%, respectively), are classified as valid. In group 1a, the valid overshoots are primarily those with z e of 20 or 21 km and maximum storm overshoot Z H > 50 dBZ. In group 1b, the valid overshoots are primarily those with z r between 5 and 7 km and maximum Z H > 50 dBZ. In both groups a very small number of the deepest overshoots have realistic Z H profiles. About half the overshoots in groups 2a and 2b (∼49.5% and ∼68.4%, respectively), which have high tops and low Z H , are found to be valid. A large majority of the inspected overshoots in group 4 are valid, with about 2.2% identified as invalid or uncertain.
Figures 4c and 4d show the number of overshoots, the number of overshoots inspected, and the status of the inspected overshoots at each altitude level in terms of z e and z r , respectively. Note that the abscissae in these plots are logarithmic. In general, the fraction of invalid or uncertain overshoots increases with height above the tropopause.
All of the overshoots classified as uncertain or invalid are removed from the following statistical analysis. After eliminating these cases, 445,694 +1 km overshoots remain. Based on the number of invalid and uncertain overshoots identified in the sample from group 4, we estimate that only approximately 9,612 of the overshoots (<3%) included in the analysis are invalid or uncertain. These overshoots do not significantly affect the results. Based on the exhaustive subjective analysis of groups 1-3, we believe that all of the very high overshoots included in the analysis population are valid.
Results
Overview
The following analysis includes all overshooting events that extend at least 1 km above the ERA-I tropopause, which excludes a large number of shallow overshooting events that penetrate less than 1 km into the stratosphere. Because individual overshooting events may have lifetimes as short as 5 to 10 min, some overshoots are missed by the hourly sampling. Likewise, overshoots may last up to several hours causing them to be counted more than once. Thus, due to the temporal resolution the total number of actual overshooting events may be different than the numbers presented here. The issue of overshoot lifetime and sampling will be addressed in future research by conducting reflectivity analyses with a higher temporal resolution.
Each MAMJJA period contains 184 days, so this 10 year study comprises a total of 24 × 184 × 10 = 44, 160 instantaneous hourly analyses. A total of 445,694 +1 km overshoots occur during this period, which corresponds to approximately 44,569 +1 km overshoots per year or 242 per day, on average. Figure 5 shows the relationship between the total number of +1 km overshoots for each year and the total overshooting volume of those years. Overshoot volume is the product of the tropopause-relative height of each column in the overshoot and the associated grid box area, summed over the overshoot. The number of overshooting events varies by a factor of ∼2 during the study period while the total overshoot volume varies by a Figure 9 . Number of instances during the study period that overshooting convection reached at least 1 km above the tropopause in each grid box.
Interannual, Monthly, and Diurnal Variations
factor of ∼2.5. The approximately linear relationship between the two quantities indicates that there is little interannual variation in the size distribution of the overshoots, and the total overshoot volume is controlled primarily by the number of overshooting events for that year. The change from legacy resolution to superresolution does not appear to have had a significant effect on overshoot detection. Years with superresolution data include some of the lowest (2010) and highest (2009, 2011, and 2013) years in terms of overshoot occurrence, which suggests that the variations are real and not due to changes in the NEXRAD data. The diurnal cycles of overshooting occurrences and overshoot area for the 10 year average are plotted in Figure 7 . A large diurnal cycle exists, with a peak that occurs from 22 to 02 UTC (late afternoon to early evening local time). The minimum number of events and overshoot area occur between 13 and 17 UTC (late morning to early afternoon local time). The diurnal cycle of overshooting convection is consistent with the known diurnal cycle of summertime precipitation (e.g., Dai et al., 1999) . The similarity of the two curves implies that the diurnal variation in overshoot area is primarily a result of variations in the number of overshoots, not variations in their overshoot sizes. (Figure 8, bottom) , the shapes of the curves are nearly identical, with the exception of March, which has a very weak diurnal cycle. This demonstrates that the amplitude of the diurnal cycle is proportional to the total number of overshoots per month. There may be small systematic variations in the shape of the diurnal cycle near the diurnal peak, but this could also be due to the limited sample size of this study.
Geographic Distribution of Overshooting Events
The geographic distribution of overshooting event occurrences is shown in Figure 9 . Minor artifacts from the gridding process are visible as circular features centered on individual radars. These artifacts arise from several factors, including the lack of scans at high-elevation angles, which results in an absence of observations at high altitudes close to the radar locations, and limited overlap from adjacent radars. This is most common in the western part of the domain and along the edges of the NEXRAD network area.
The vast majority of overshooting events occur over the central plains, with few occurrences over the Appalachian Mountains or in the southeast. There is evidence of a weak secondary maximum along the East Figure 10 . Monthly maps of the number of overshooting events in each grid box (shading) and climatological tropopause height in km (black contours). For easier comparison, the 13 km contour level is drawn with a heavy line. The maximum number of overshoot events over any grid box is 15 and occurs in May.
Coast extending from northern Florida to North Carolina. Because the radar network coverage east of the Mississippi River is generally very good, we conclude that the lack of overshooting events in the eastern part of the domain is real and not a result of data issues.
The occurrence of overshooting convection is closely connected to the seasonal evolution of the tropopause altitude, as can be seen in Figure 10 , which shows the number of overshoots within each grid box for each month along with the climatological monthly mean tropopause height. The altitude of the tropopause generally increases as the year progresses at all locations in the study area. As the tropopause rises, overshooting shifts northward along with the region of lower tropopause altitudes. The exception is in the southeast, where overshooting is more common in June, July, and August than earlier in the year. In all months, few +1 km overshoots are observed in locations with an average tropopause height ≳15.5 km.
Vertical Distribution
The frequency distribution of the maximum echo top altitude in each overshoot for the entire domain is shown in Figure 11 for each month. The total distribution for all six months is shown in black. The peak occurrences in the overshooting echo top height for March, April, May, and June is 14 km. In July and August, the peaks shift upward to 17 km. The cumulative fraction for all months, integrated from the top down, is plotted in gray. The results show that only ∼5% of +1 km overshoots have tops that reach 18 km or higher, but ∼50% of the overshoots have tops reaching at least 15 km. The number of overshoots that reach a given altitude relative to the tropopause falls off approximately exponentially with altitude, as can be seen in Figure 12 , with a very small fraction of the overshooting events reaching 6 or 7 km above the tropopause. The total number of overshooting events varies by month (see Figure 6 ), but the vertical distribution is similar in all months. The scale height for the number of overshoots is ∼1 km for the first few kilometers above the tropopause. Above that the frequency decreases more rapidly. May is observed to have consistently more overshoots at higher tropopause-relative altitudes than July, which is consistent with results observed in Bigelbach et al. (2014) .
Histograms of the number of overshoots reaching various potential temperature levels are shown in Figure 13 . The peak altitude is 360 K in March, April, and May and between 370 and 390 K in June, July, and August. The highest echo top potential temperatures observed are near 600 K. Approximately 45% of the +1 km overshoots have echo tops with potential temperature values that are 380 K or higher, which places them in the stratospheric overworld.
The geographic distribution of the maximum echo top potential temperature in each grid box for the climatology is shown in Figure 14 . The deepest overshoots occur in the Central Plains. Relatively few occurrences of echo tops above the 460 K level are seen, but tops above 400 K are common.
Conclusions
This study merges WSR-88D radar observations from the NEXRAD network into hourly, high-resolution, three-dimensional, gridded reflectivity analyses for a large part of the contiguous United States. The reflectivity data are combined with tropopause height estimates from the ERA-Interim reanalysis to create a 10 year data set of tropopause-overshooting convective events for the March-August period. Using improved quality control and data processing procedures, as well as a much longer record, this study expands upon the results in Solomon et al. (2016) and includes an analysis of the interannual variability of overshooting convection over the study area. Neighboring atmospheric columns that overshoot the ERA-I Figure 14 . Maximum observed echo top potential temperature for each grid box. The numbers inside the color bar are the number of grid boxes with maximum potential temperatures in that range.
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tropopause by 1 km or more are combined into what we refer to as +1 km overshoots. After applying the quality control procedures, the number of +1 km overshoots used in the statistical analysis is 445,694.
During the study period, the total yearly volume of overshooting events in the stratosphere varies by about a factor of 2.5. This could lead to interannual variations in the moistening of the lower stratosphere by deep convection. Most of this change is due to variations in the number of overshoots that occur each year. Within the MAMJJA analysis period, the highest number of overshooting events are found in May, June, and July; fewer overshoots occur in March, April, and August.
Overshooting events are most likely to occur over the central United States between 22 and 02 UTC (late afternoon to early evening local time). This late afternoon-early evening maximum is consistent with the known diurnal cycle of warm season continental precipitation.
Although about half the overshoots reach altitudes of 15 km or higher, the number of overshooting events decreases exponentially with height above the tropopause; and it is rare to observe echoes 6 km or more above the tropopause (∼321 overshoot events in 10 years). The highest echo tops observed in this study reached an altitude of 24 km. High echo tops are more likely in July and August than in March, April, May, or June, but the tropopause is also higher later in the summer. The net result is that more overshoots penetrate deep into the stratosphere in May and June.
Approximately half of the analyzed overshoots have tops at or above the 380 K level, which shows that extratropical overshooting convection frequently extends into the stratospheric overworld. These overshooting events are a likely source for the enhanced water vapor observed in the quasi-stationary North American monsoon anticyclone (Alcala & Dessler, 2002; Dessler & Sherwood, 2004; Hanisco et al., 2007) and could potentially affect stratospheric chemistry (Anderson et al., 2012 (Anderson et al., , 2017 . The physical mechanisms responsible for the observed geographic distribution of overshooting events are not clear and will be the subject of future study. Further research is underway to understand the differences in overshooting occurrence found in the satellite analysis of Bedka et al. (2010) and in the NEXRAD analysis presented here and in Solomon et al. (2016) .
